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Highlights 
Platinum nanoparticles were formed during graphene nitrogen-doping in thermal annealing 
under NH3 atmosphere. 
Platinum nanoparticles with ideal particle size for oxygen reduction reaction were synthesized. 
Electrocatalytic activity was evaluated in both acidic and alkaline media via RDE experiments. 
The developed pyridinic and pyrrolic nitrogen entities in graphene improved the ORR activity. 
 
Abstract 
Chlorine-free Platinum/nitrogen-doped graphene oxygen reduction reaction catalysts were 
synthesized by a one step method of annealing a mixture of platinum acetylacetonate and 
graphene oxide under ammonia atmosphere. Nanoparticles with close to the ideal particle size 
for oxygen reduction reaction (ORR) were formed, i.e., with diameter of 3-4 nm (500 and 600 
°C) and 6 nm (700 °C). X-ray photoelectron spectroscopy confirmed the successful introduction 
of both pyridinic and pyrrolic type nitrogen moieties into the graphene layers, which indicates 
a strong interaction between the nanoparticles and the graphene layers. The electrocatalytic 
activity of glassy carbon electrodes (GCE) modified with the synthesized Pt/NG samples for 
oxygen reduction was compared to that of a platinum/carbon black catalyst modified electrode 
in acidic and alkaline media. Based on the measured limiting current densities and calculated 
electron transfer number, the highest activity was measured in acidic and alkaline media on the 
samples annealed at 600 and 700 °C, respectively. 
 
* Corresponding author. E-mail: konya@chem.u-szeged.hu (Zoltán Kónya) 
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 1 Introduction 
One of the most promising technologies for a sustainable energy economy is the fuel cell, which 
is CO2 emission free (H2/O2 cells) or neutral (direct alcohol cells, DAFC) and has high energy 
conversion efficiency. Such solutions are already utilized in small-scale portable electronic and 
stationary power supplies or vehicles [1]. The two most commonly used low-temperature fuel 
cells are the polymer electrolyte membrane fuel cells (PEMFC) and the alkaline fuel cells 
(AFC). In the former, a proton exchange membrane offering high proton conductivity is used 
to separate the anode and cathode sides of the cell, whereas in the latter, OH− ions are 
transported between the electrodes through an immobilized KOH solution separator [2]. 
Therefore, the mechanism of oxygen reduction is necessarily different in the two different types 
of fuel cells [3, 4]. 
Platinum-based materials are the most active electrocatalysts for the oxygen reduction reaction 
(ORR) in low-temperature fuel cells due to the ideal adsorption and desorption energies of 
oxygen and oxygenated species on platinum surfaces [5]. Pt nanoparticles (NPs) are typically 
dispersed on a high surface area carbon support to prevent their agglomeration and to improve 
the performance of the composite by the high electronic conductance of the support. 
Amorphous carbon black is the most commonly used support material in low-temperature fuel 
cells due to its high surface area and low cost [6]. Its durability, however, is poor, due to its 
thermodynamic instability under operating conditions in fuel cells that leads to support 
corrosion and declining ORR performance [7]. Pt particle loss from the surface and support 
grain agglomeration both induce a loss of activity [8]. Carbon nanotubes [9], nitrogen-doped 
carbon nanotubes [10, 11] and graphitic carbon nanofibers [12] were investigated earlier as 
potential alternatives.  
Graphene-based carbon supports were also tested as carbon black replacement materials due to 
the large specific surface area, high electronic conductivity, and good chemical and 
electrochemical stability of graphene [13]. Graphene nanosheets [14], graphene oxide (GO) and 
reduced graphene oxide (rGO) layers [15, 16] were decorated by platinum nanoparticles 
synthesized in situ. Woo et al. used galvanostatic electrochemical deposition to prepare Pt/rGO 
catalysts [17]. Song et al. made a carbon coated graphene/platinum catalyst by treating GO with 
PVP, glucose and H2PtCl6 ×6H2O under hydrothermal condition at 180 °C, followed by 
carbonization at 700 °C for 3 h [18]. 
Pyridinic or pyrrolic nitrogens [19, 20] as active moieties render nitrogen-doped graphene a 
potential ORR catalyst [21, 22]. DFT calculations by Zhang et al. revealed that the 
2 
 
substitutional nitrogen atom changes the atomic charge distribution and spin density 
distribution of graphene, thus making the neighboring carbon atoms more favorable for the 
adsorption of oxygen molecules and the further ORR steps  [23, 24]. Furthermore, N-doped 
graphene is more stable than carbon black [25, 26]. Several authors have shown that nitrogen 
doping can improve the ORR activity of carbon structures. Qu et al. prepared nitrogen doped 
graphene, which exhibited four times higher limiting current density and more positive onset 
potential than pristine graphene in alkaline media [19]. Lee et al. reported similar results in 
acidic media [22]. Alexeyeva et al. found that the ORR activity of carbon nanotubes can be also 
improved by nitrogen doping in both acidic and alkaline media [10]. Zhan et al. prepared 
nitrogen doped graphene via ammonia treatment at 950 °C and achieved more positive onset 
potential and higher current density than in a reference undoped case [27].  
Combining the advantages of N-doping the carbon support with the catalytic activity of Pt 
nanoparticles is an evident strategy to improve ORR efficiency. It was also showed that a 
stronger electronic interaction is formed between the nitrogen doped support and the platinum 
nanoparticles due to the increased electron affinity of the former. This further facilitates the 
electron donation behavior of platinum nanoparticles [28]. Using nitrogen doped graphene as a 
support instead of undoped graphene to improve ORR performance has already been suggested 
in the literature. Jafri et al. tested Pt/graphene and Pt/nitrogen doped graphene in a PEMFC as 
an ORR catalyst and found that the power density was higher in the case of the nitrogen doped 
sample due to its higher conductivity and stronger interaction between the platinum 
nanoparticles [29]. A similar result was also obtained by Zhao et al. [30]. The majority of such 
studies utilized sequential methods so far. N-doping was typically achieved by the thermal 
treatment of the carbon support (graphene or GO) in the presence of a nitrogen source, e.g. 
dicyanidamide [31], polyanline [32], polypyrrol [33], pyrrol [34], urea [30], nitrogen plasma 
[29] or ammonia [28], and Pt nanoparticles were synthesized in a subsequent step by the in situ 
reduction of e.g. hexachloroplatinic acid or platinum carbonyl complexes.  It was confirmed by 
XPS that carbon supports annealed in ammonia atmosphere above 500 °C contain dominantly 
pyridinic type nitrogen atoms [35]. 
In a rare example of single-step synthesis, Tao et al., created platinum decorated nitrogen-doped 
graphene from a mixture of GO solution, chloroplatinic acid, sodium citrate, urea and formic 
acid hydrothermally treated at 180 °C for 12 h [36]. The as-prepared composites were tested in 
methanol oxidation reaction, but unfortunately, the presence of leftover chlorine can not be 
excluded in such catalysts. This is potentially detrimental for ORR performance because of the 
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chlorine poisoning of the Pt/C system [37, 38], which is exactly the reason why Job et al. have 
advised against using chlorine counterions already back in 2013 [39]. 
Here we report the first successful single-step synthesis of chlorine-free, platinum decorated 
nitrogen-doped graphene as an ORR catalyst. The material was prepared by the thermal 
treatment of a graphene oxide + platinum acetylacetonate mixture in ammonia atmosphere. Its 
electrocatalytic activity in both acidic and alkaline media is compared to that of catalysts 
synthesized by a conventional sequential method. The activity of the new single-step catalysts 
based on nitrogen-doped graphene is close to that of carbon black supported platinum catalysts, 
whereas their synthesis is simpler and more scalable. Moreover, the suggested procedure 
efficiently mitigates the risks associated with using chlorine-containing catalysts in a Pt/C fuel 
cell environment. 
 
2 Experimental 
2.1. Synthesis of graphene oxide 
Graphene oxide was prepared by the modified Hummers method [40]. 4.5 g graphite powder 
(Sigma Aldrich) and 4.5 g sodium nitrate (NaNO3, Reanal) were added to a graduated beaker 
containing 210 ml concentrated sulfuric acid (H2SO4, Molar) and stirred for 30 minutes. 27 g 
potassium permanganate (KMnO4, Reanal) was then slowly added to the suspension to avoid 
the overheating of the mixture, which was stirred for 24 hours. Hereupon, 500 ml H2O was 
added to the mixture using an ice bath to prevent the rise in temperature. Finally, 10 ml 50% 
hydrogen peroxide (H2O2, Reanal) was added to the system and stirred for another 2 hours. The 
resulting yellowish brown suspension was washed by centrifugation with deionized water 
several times until a sulfate-free supernatant was obtained. The resulting GO was dried at 80 
°C overnight. 
 
2.2. Preparation of Pt/NG composites 
90 mg graphene oxide was mixed in 40 ml of deionized water, then 20 mg platinum(II) 
acetylacetonate (Pt(acac)2, Acros Organics) was added to the suspension. The mixture was 
stirred overnight, and the suspension was lyophilized. The dry composite was powdered, and 
60 mg of the resulted Pt(acac)2/GO composite was annealed in oxygen-free ammonia flow (120 
ml min−1 flow rate) for 2 hours at 500 °C, 600 °C or 700 °C. The samples were labelled 
Pt/NG_500°C, Pt/NG_600°C, and Pt/NG_700°C, respectively. 
 
2.3. Preparation of the reference catalyst 
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In order to compare the electrocatalytic activity of the as-prepared Pt/NG composites with that 
of a commercially used carbon black (CB, supplied by Cabot Corporation) support, a Pt/CB 
catalyst were prepared by the wet impregnation method as described elsewhere [41]. 90 mg of 
carbon black and 20 mg platinum(II)-acetylacetonate were suspended in 40 ml of distilled 
water. The suspension was stirred for 24 hours and dried overnight at 40 °C, then 60 mg of the 
dried powder was annealed in oxygen-free nitrogen atmosphere at 400 °C for 2 hours. The 
nitrogen flow rate was maintained at 120 ml min−1. 
 
2.4. Characterization methods 
The morphological changes of the annealed composites were investigated by transmission 
electron microscopy (TEM) using a Fei Tecnai G2 20 X Twin microscope with 200 kV 
accelerating voltage. Particle size distributions were obtained by measuring the diameter of 50-
50 nanoparticles in 4 representative TEM images. Samples were sonicated in isopropyl alcohol 
before drop-casting them on copper-mounted holey carbon film. The crystal structure of the 
samples was analyzed by means of phase identification in electron diffraction measurements 
(ED). The structure of the samples was also analyzed by X-ray diffraction (XRD) using Cu Ka 
radiation (k = 1.5406 Å) in a Rigaku Miniflex II instrument. Thermogravimetric analysis was 
used to determine the amount of platinum in the composites using a TA Q500 
thermogravimetric analyzer. The temperature was ramped at 10 °C min−1 from room 
temperature up to 600 °C under air atmosphere. X-ray photoelectron spectra (XPS) were taken 
with a SPECS instrument equipped with a PHOIBOS 150 MCD 9 hemispherical analyzer, using 
the Kα radiation of an Al anode. The analyzer was operated in the FAT mode with 20 eV pass 
energy and the X-ray gun at 210 W (14 kV, 15 mA). Raman spectra were measured at 532 nm 
laser excitation with 5 mW power using a Thermo Scientific DXR Raman microscope. 
Typically, 10 scans with 1 cm−1 resolution were averaged in the range between 200 and 3500 
cm−1. 
 
2.5. Electrode preparation 
Prior to surface coating, the glassy carbon electrode (GCE, 3 mm diameter, BASi®)) was 
carefully polished with alumina slurry (nominal particle diameter 0.05 µm) and rinsed with 
distilled water, followed by sonication in ethanol and distilled water, and finally dried in air. 
The catalyst powder (1.0 mg) was dispersed ultrasonically in a water:ethanol (1:1 volume ratio) 
mixture (500.0 µL) and 10.0 µL of 5 wt% Nafion® to obtain a homogeneous black suspension 
(2.0 mg mL−1). 10.0 µL of this suspension was dropped and uniformly dispersed on the 
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pretreated GCE surface and dried at room temperature. The electrocatalytic properties of the 
formed Pt/NG_500°C, Pt/NG_600°C, and Pt/NG_700°C modified GCE electrodes were 
compared to that of the Pt/CB modified GCE electrode (10 wt% of Pt content) prepared via the 
same method. 
 
2.6. Electrochemical measurements 
All electrochemical experiments were conducted in a three-electrode glass cell at room 
temperature (23 °C). Acidic and alkaline measurements were carried out in N2 and O2-saturated 
0.1 M HClO4 and KOH (Sigma-Aldrich) solutions, respectively. A GILL AC electrochemical 
workstation was utilized to provide potentiostatic control. Pt/NG modified GCEs described 
above were used as working electrodes. The potential of the working electrode was measured 
against a Ag/AgCl (3 M NaCl, BASi®) reference electrode, and a Pt wire served as counter 
electrode. The measured potentials vs. Ag/AgCl (3 M NaCl) were converted to the reversible 
hydrogen electrode (RHE) scale according to the Nernst equation: 
𝐸𝐸 (𝑣𝑣𝑣𝑣 𝑅𝑅𝑅𝑅𝐸𝐸)  = 𝐸𝐸 + 𝐸𝐸𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴(𝑣𝑣𝑣𝑣 𝑆𝑆𝑅𝑅𝐸𝐸) + 0,059 𝑉𝑉 ∙ 𝑝𝑝𝑅𝑅 (1) 
where E is the experimentally measured potential vs. Ag/AgCl reference electrode and 
𝐸𝐸𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴(𝑣𝑣𝑣𝑣 𝑆𝑆𝑅𝑅𝐸𝐸) = 0.201 V at 25 °C, where SHE is the standard hydrogen electrode. 
The electrocatalytic properties of the as-prepared electrodes were evaluated using cyclic 
voltammetry (CV) in acidic and alkaline media, performed between 1000 and −200 mV vs. 
Ag/AgCl (3M NaCl) in 0.1 M HClO4 and between 292 and −900 mV vs. Ag/AgCl (3 M NaCl) 
in 0.1 M KOH at a scan rate of 10 mV s−1. Linear sweep voltammetry (LSV) measurements 
with rotating disk electrode (RDE) were conducted in the same potential range at the same scan 
rate at rotation speeds from 500 to 3000 rpm. The linear sweep voltammograms are depicted 
after background correction, and used in calculations afterwards. 
 
3 Results and discussion 
3.1. Morphology 
TEM images presented in Fig. 1a-c confirm that the Pt nanoparticles are well dispersed on the 
graphene layers in every sample. Particle size distributions in the Fig. 1a-c inset graphs indicate 
an average particle diameter of 3-4 nm in the case of 500 and 600 °C and 6.2 nm in the case of 
700 °C annealing. It should be noted that even larger Pt particles, as well as structural defects 
in the graphene layers are observable in the 700 °C sample (Fig. 1c). The particle size in the 
500 and 600 °C samples is close to that ideal for ORR electrocatalysts according to the literature 
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[42, 43].  Shao et al. used density functional theory (DFT) to determine the optimal particle size 
of Pt nanoparticles for ORR and found it to be 2-3 nm. Although the number of catalytically 
active sites increases with increasing particle size, these sites can be blocked by the adsorbed 
reaction intermediates during the oxygen reduction reaction. On the other hand, if the size is 
smaller than the ideal, then the emerging compressive stress weakens the metal-oxygen bond 
and thus reduces the catalytic activity [44]. 
 
Fig. 1. TEM images (a-c) and electron diffraction patterns (d-f) of Pt/NG nanocomposites 
annealed at 500 °C, 600 °C and 700 °C. Insets in panels (a), (b) and (c) depict the particle size 
distributions of the respective platinum nanoparticles. 
 
 3.2. Structure and composition 
Electron diffraction patterns in Fig. 1d-f show the diffraction rings from the (111), (200), (220), 
(311), (222) and (331) planes of crystalline Pt nanoparticles (JCPDS-00-001-1190). Fig S1a 
shows the TEM image of the Pt/CB catalyst. The nanoparticles are well-dispersed on the carbon 
black surface, and the average particle size is 2.6 nm, as demonstrated by the particle size 
distribution in the inset graph of Fig. S1a. The electron diffraction pattern in Fig. S1b shows 
the same diffraction rings like those of the Pt/NG composites. X-ray diffraction measurements 
presented in Fig. S2. for the as prepared samples and graphene oxide reveal that the intensities 
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of the Pt (111) and Pt (200) reflections are small because of the small size of the platinum 
nanoparticles. However, in case of Pt/NG_700°C these reflections are sharper and more intense, 
which could be due to the presence of particles with larger diameter [45]. It is well known that 
the reduction of graphene oxide can be proven by studying the changes in the reflections of 
graphene oxide and nitrogen doped graphene upon thermal treatment. Originally, there are 
several functional groups on the surface of a graphene oxide layer (e.g. carboxyl, hydroxyl, 
epoxy etc.), which results in bigger lattice spacing [46]. However, most of these functional 
groups are decomposed during thermal treatment above 180-200 °C [47]. Therefore, the 
reduced layers move closer to each other and the 10.1° reflection of graphene oxide shifts to 
26.3° [46]. Since we could observe this phenomenon in our samples, it seems safe to assume 
that the reduction of graphene oxide was successful.  
Thermogravimetric analysis was used to determine the platinum content of the samples. 
According to the thermograms presented in Fig. S3, the platinum loading of the Pt/NG_500°C, 
Pt/NG_600°C, Pt/NG_700°C, and Pt/CB nanocomposites was 9.5, 12.5, 12.9 and 10.0 wt%, 
respectively. This matches the nominal 10 wt% Pt loading corresponding to the synthesis 
procedure described above well. 
Raman spectroscopy is a useful method to characterize carbon structures. Fig. S4 shows the 
Raman spectra of graphene oxide and platinum decorated nitrogen-doped graphene composites, 
wherein a Stokes G peak and the D band occur at 1587 cm−1 and 1346 cm−1, respectively. These 
features correspond to the planar motion of the sp2-hybridized carbon atoms in the graphene 
layer, and to phonon scattering on sp3 carbon atoms at structural defects and close to the layer 
edges. The intensity ratio of these peaks is correlated with the number of vacancies in the carbon 
structure [32]. The 2D and the D+G bands are also visible with small intensity at around 2700 
and 2930 cm−1, respectively. The results are consistent with previously reported Raman spectra 
of graphene oxide and nitrogen-doped graphene sheets [28]. The ID/IG ratio slightly increased 
after the thermal treatment of GO from 0.91 to 1.05 due to the increase in the number of 
structural defects caused by the incorporation of nitrogen atoms into the carbonaceous 
framework. It is worth noting that the ID/IG ratio was unaffected by the annealing temperature 
in the studied 500...700 °C range. 
Fig. S5 shows the ex situ XPS spectra of the samples. Performing XPS under true reaction 
conditions in the electrochemical cell is not feasible, therefore, it makes little difference if the 
spectra of the annealed samples is recorded ex situ or in situ during the thermal treatment. Both 
approaches are believed to provide relevant information about the initial condition of the 
catalysts before the ORR experiment. The Pt 4f, C 1s, N 1s and O 1s peaks are clearly resolved 
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from the survey scan. The amount of nitrogen in the samples was found to be around 5 wt%. 
The peak around 400 eV corresponds to the N 1s region shown in higher resolution in Fig. 2a-
c, where four peaks at 398.8, 401.49, 405.2 and 409.1 eV can be deconvoluted. The first two 
peaks correspond to pyridinic and pyrrolic type nitrogen moieties. Their presence is 
encouraging, since pyridinic and pyrrolic nitrogen in the graphene sheet structure can largely 
improve the ORR activity [23, 24]. Peaks at higher binding energies in this region are 
commonly attributed to oxidized nitrogen. 
 
Fig. 2. N 1s (a-c) and Pt 4f (d-f) XPS spectra of the Pt/NG composites prepared at 500, 600, 
and 700 °C. 
 
Fig. 2d-f show the Pt 4f region of the samples annealed at 500, 600, and 700 °C. The principal 
peaks are attributed to Pt0 at 71.6 eV (4f7/2) and 74.9 eV (4f5/2), while the peaks at 72.6 and 
75.5 eV correspond to Pt in its +2 states, respectively. The broad peaks at 77.7 eV and 80.2 eV 
are attributed to Pt+4 species [48]. A similar result was observed in the case of the Pt 4f spectrum 
of Pt/CB as seen in Fig. S6. There is a considerable amount of oxidized platinum, which is 
likely the result of the smaller size of the platinum nanoparticles. A high percentage of Pt atoms 
on the nanoparticle surface in contact with air gives rise to different oxide phases [28].  
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Furthermore, the reason for the significant amounts of Pt+2 and Pt+4 could be the stronger 
interaction between the Pt atoms and the nitrogen-doped support. Zhou et al. have shown that 
the nitrogen doping induced polar functional groups can increase the electron affinity of the 
substrate, which further facilitates the electron donation behavior of platinum nanoparticles. 
This kind of interaction could increase the electrocatalytic activity and durability of ORR 
catalysts. Pt 4f spectra of Pt/CB and Pt/NG samples presented in Fig. 2d-f and Fig. S6 indicate 
that the ratio of the oxidized species was higher in case of Pt/NG than in case of Pt/CB. This 
finding strongly supports our assumption about the interaction between platinum nanoparticles 
and the nitrogen doped support [49].  
 
 3.3. Electrochemical measurements 
3.3.1. Oxygen reduction reaction in acidic media 
Cyclic voltammetry was used to investigate the electrocatalytic activity of the composites on 
the GCE surface. Pt/CB was also tested under the same experimental conditions to compare its 
behavior to that of the new catalysts. Fig. 3 shows the CV curves of the as-prepared electrodes 
in N2 and O2 saturated 0.1 M HClO4 solution. A redox peak occurs around 0.66 V in case of all 
Pt/NG samples, and the position of this cathodic peak is only slightly more positive (0.70 V) in 
the case of the Pt/CB modified GCE. The adsorption and desorption peaks of hydrogen are not 
observable in the voltammograms measured in nitrogen saturated electrolytes. This agrees with 
the findings of Stevens et al. who investigated platinum decorated carbon catalysts and showed 
that at low platinum content the adsorption and desorption peaks of hydrogen ions are hardly 
visible. Under our particular Pt loading and particle size conditions it is quite possible that the 
ordered platinum surfaces are simply not large enough to support the formation of uniform 
adsorbed hydrogen lattices [50].  
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Fig. 3. Cyclic voltammograms of GCE modified with (a) Pt/CB and the Pt/NG composites, 
prepared at the temperatures indicated. CV curves were recorded at room temperature in N2 and 
O2 saturated 0.1 M HClO4 solutions with a scan rate of 10 mV s−1. 
 
The surface areas of the composites can be compared on the basis of their voltammogram areas 
measured in nitrogen saturated electrolyte, because the measured electric capacity of the double 
layer depends on the specific surface area of the composite [51] (See the equation in 
supplementary information) [52]. Since the amount of Nafion® on the surface of the glassy 
carbon is constant in all cases, changes are necessarily caused by differences in the composites 
themselves. As Table S1 shows, the area of the voltammograms and the double layer 
capacitance increase with the annealing temperature. This could indicate that the specific 
surface area also increases in the same fashion. Similar results were discussed in the literature 
earlier. Tian et al. annealed graphene oxide at different temperatures from 250 to 1050 °C and 
found that the specific surface area increased with the annealing temperature. The thermal 
exfoliation of graphene layers and the formation of vacancies were mentioned as potential 
causes behind this phenomenon [53]. 
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Rotating disk electrode measurements were performed in 0.1 M HClO4 solution. For 
comparison, Fig. S7a shows the LSV curves of modified GCEs at the rotation rate of 1500 rpm. 
The onset potential was 0.77 V on all electrodes, which matches the value for the Pt/CB-GCE 
electrode as well. The limiting current densities were 3.6, 4.0, and 3.5 mA cm−2 for 
Pt/NG_500°C, Pt/NG_600°C, and Pt/NG_700°C, respectively. The result for the sample treated 
at 600 °C was close to the limiting current density of the Pt/CB modified electrode (4.3 mA 
cm−2). As expected, N-doped samples outperformed the undoped+undecorated graphene and 
the undoped+Pt-decorated graphene references considerably. 
Tafel slopes were calculated to investigate the mechanism of the oxygen reduction reaction on 
the surface of the as-prepared working electrodes. The corresponding kinetic current densities 
were calculated by the Koutechky-Levich (K-L) equation [54]: 1
𝑗𝑗
= 1
𝑗𝑗𝑘𝑘
+ 1
𝑗𝑗𝑑𝑑
= 1
𝑛𝑛𝑛𝑛𝑛𝑛𝑐𝑐𝑂𝑂2
𝑏𝑏 −
10.62𝑛𝑛𝑛𝑛𝐷𝐷𝑂𝑂22 3⁄ 𝜈𝜈−1 6⁄ 𝑐𝑐𝑂𝑂2𝑏𝑏 𝜔𝜔1 2⁄  (2) 
where j is the experimentally measured current density, jk and jd are the kinetic and diffusion 
limited current densities, n is the number of electrons transferred per O2 molecule, F is the 
Faraday constant (96485 C mol−1), k is the electrochemical rate constant for oxygen reduction 
reaction, 𝑐𝑐𝑂𝑂2
𝑏𝑏  is the oxygen concentration in 0.1 M HClO4 at 23 °C (1.36∙10−6 mol cm−3) [55], 
𝐷𝐷𝑂𝑂2is the diffusion constant of oxygen in 0.1 M HClO4 at 23 °C (1.82∙10
−5 cm2 s−1) [21], ν is 
the kinetic viscosity of the solution (8.9∙10−3 cm2 s−1), and ω is the rotation rate (rad s−1). 
Electron transfer numbers were also determined using this equation (see below).  
Several adsorbed species are present on electrode surfaces during electrocatalytic processes: 
components of the electrolyte, oxygen molecules, additional oxygen-containing ORR 
intermediers etc. These species have essential influence on the reaction mechanism [3]. 
Previous studies by Damjanovic et al. showed that the electrode surface coverage is different 
in different potential ranges, which can change the rate-determining step with changing 
potential. At lower overpotentials (at low reaction rates), Temkin adsorption conditions are 
predominant, i.e., the heat of adsorption of any species decreases linearly with increasing 
coverage [56]. However, as the overpotential and the rate of the reaction increases, the reaction 
intermediates surface coverage decreases, which makes the so-called Langmuir conditions 
more dominant. Here, there are no interactions between the adsorbed species and only a 
monolayer is formed [52]. This phenomenon was discernible in both acidic and alkaline 
electrolytes, too [57]. In Fig. 4 similar kinetic properties was observed in our measurements. 
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Fig. 4. Mass transfer-corrected Tafel plots in oxygen reduction reaction of GCE modified with 
Pt/NG_500°C, Pt/NG_600°C, Pt/NG_700°C, and Pt/CB in 0.1 M HClO4 solution. 
 
Two regions with different Tafel slopes were determined. In the low current density region, the 
slopes were found to be 62, 65, and 60 mV/decade for Pt/NG_500-700°C samples and 60 
mV/decade in case of the Pt/CB modified electrode, respectively. The slopes in the high current 
density region were 150, 142, 147, and 120 mV/decade for the same samples. These values are 
comparable with those reported in the literature for similar systems, which implies that the rate 
determining step is the same for every electrode in this region [9, 58-60]. When the slope of the 
polarization curve is around 60 mV/decade, the electrode surface is under Temkin adsorption 
conditions. In this case, the rate-determining step is the first chemical step after the first charge 
transfer step in the pathway of oxygen reduction reaction. However, if the slope is in the range 
of 120 to 160 mV/decade, then the surface of the electrode is under Langmuir adsorption 
conditions and the first electron step determines the rate of the oxygen reduction reaction [61, 
62]. 
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Fig. 5. Linear sweep voltammograms of the GCE electrode modified with Pt/CB catalyst and 
the Pt/NG composites. LSV curves were recorded at room temperature in O2 saturated 0.1 M 
HClO4 solution at a scan rate of 10 mV s−1. Inset graphs show the Koutecky-Levich plots for 
oxygen reduction on surface of the respective electrodes. The corresponding electron transfer 
numbers were calculated from the slope of the fitted Koutecky-Levich equation. 
 
To further reveal the ORR kinetics of the electrodes, rotating disk electrode measurements were 
performed at different rotation rates. Results are depicted in Fig. 5a-d, where it is discernible 
that the measured current increased by increasing the rotation rate. The electron transfer number 
of the reaction was determined using the Koutecky-Levich equation (equation 2.). Electron 
transfer numbers were calculated from the K-L plots in the inset graphs of Fig. 5a-d. The 
reduction of oxygen proceeds mainly via the four-electron pathway yielding water in the case 
of Pt/NG_500°C and Pt/NG_600°C, which is in accordance with previous studies in the 
literature [9, 31, 63]. However, the two electron pathway with H2O2 formation is more 
significant in case of Pt/NG_700°C. 
 
3.3.2. Oxygen reduction reaction in alkaline media 
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 Electrocatalytic activity was also tested in alkaline media. Fig. 6a-d show the CV curves of the 
composites-modified GC electrodes in N2 and O2 saturated 0.1 M KOH solution. In this case, 
a redox peak occurs at around 0.83 V in case of all Pt/NG and Pt/CB samples. Similar to the 
acidic measurements, hydrogen adsorption and desorption peaks are not visible in the 
voltammograms measured in nitrogen saturated electrolyte because the ordered platinum 
surfaces may not be large enough to support the formation of uniform adsorbed hydrogen 
lattices [50]. 
 
Fig. 6. Cyclic voltammograms measured on GCE modified with (a) Pt/CB and the Pt/NG 
composites, prepared at (b) 500, (c) 600, and (d) 700 °C. CV curves were recorded at room 
temperature in N2 and O2 saturated 0.1 M KOH solutions at a scan rate of 10 mV s−1. 
 
Rotating disk electrode measurements were carried out in 0.1 M KOH solution. Fig. S7b shows 
the LSV curves of the modified GCE at 1500 rpm rotation rate. The onset potential was 
estimated to be 0.89 V in case of Pt/NG_500°C and Pt/NG_600°C, while 0.91 V was found on 
Pt/NG_700°C. A similar result was obtained with the Pt/CB modified GCE electrode. Matching 
the findings of both the acidic case and the received literature wisdom, the performance of 
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undoped pristine and Pt-decorated graphene was inferior to that of the N-doped samples. The 
onset potentials were always more positive in acidic media than under basic conditions. 
Although similar onset potentials were reported in HClO4 and KOH media for Pt/C catalysts in 
some studies [4, 64], differing values were also found when changing the reaction medium from 
acidic to basic [65-68]. Unfortunately, the deeper understanding of this phenomenon is yet to 
be uncovered. Differences in active sites surface coverages, and adsorption of Cl− impurities 
from HClO4 solution were suspected as the origin in the decrease of the electrocatalytic ORR 
activity [69]. Wan et al. studied the pH dependence of ORR activity in nitrogen-doped carbon 
systems and identified the interaction of the protons with the doping nitrogen atoms as a 
possible explanation of the decreasing electrocatalytic activity in acidic media. As nitrogen 
atoms do not participate in the neutralization process under alkaline conditions, their lone 
electron pair can be shared between active sites favoring charge transfer processes during the 
oxygen reduction reaction [70]. 
The limiting current densities on Pt/NG_500°C, Pt/NG_600°C, and Pt/NG_700°C modified 
GCE electrodes were 3.9, 4.2 mA cm−2, and 4.4 mA cm−2, respectively. The latter value was 
the closest to that of the Pt/CB-GCE electrode (4.7 mA cm−2). Again, Tafel slopes were used 
to investigate the rate determining steps. In the mass transfer corrected Tafel plots in Fig. 7 two 
regions with different Tafel slopes were observed. In the low current density region, the slopes 
were 71, 67, and 62 mV/decade for the Pt/NG-GCE electrodes annealed at 500, 600, and 
700 °C, and 66 mV in case of the Pt/CB-GCE electrode. In the high current density region 
slopes of 270, 293, 219 and 125 mV/decade were found for the same set of samples. 
 
Fig. 7. Mass transfer-corrected Tafel plots in ORR for Pt/NG_500°C, Pt/NG_600°C, 
Pt/NG_700°C, and Pt/CB modified GCE in 0.1M KOH. 
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In the low current density region, the surface of the electrode is under the Temkin adsorption 
conditions and the rate determining step is the first electron transfer in oxygen reduction 
reaction. The Tafel slope slightly decreases in the series from Pt/NG_500°C to Pt/NG_700°C, 
which could be due to the difference in surface coverage of the adsorbed oxygen-containing 
species [71, 72]. The high current density slopes are noticeably larger than those previously 
measured in acidic solution. Markovic et al. and Tarasevich et al. also pointed out, that such 
high Tafel slopes correspond to the adsorption of molecular oxygen as the rate determining step 
[71]. 
 
Figure 8. Linear sweep voltammograms of GCE electrode modified with (a) Pt/CB catalyst and 
the Pt/NG composites, prepared at the temperatures indicated. LSV curves were recorded at 
room temperature in O2 saturated 0.1 M KOH solution at a scan rate of 10 mV s−1. Inset graphs 
show Koutecky-Levich plots for oxygen reduction recorded on surface modified GCEs. 
Electron transfer numbers were calculated from the fitted Koutecky-Levich equation. 
 
To reveal the ORR kinetics of the nanocomposites in alkaline media, RDE measurements were 
used at different rotation rates as shown in Fig. 8a-d. The electron transfer number of the 
reaction was determined by using equation 2. The oxygen concentration and the diffusion 
17 
 
constant of oxygen in 0.1 M KOH at 23 °C are 1.2∙ 10−6 mol cm−3 and 1.9∙10−5 cm2 s−1 [73], 
respectively, while the kinetic viscosity of the solution is 1.09∙ 10−2 cm2 s−1 [71]. 
Electron transfer numbers were calculated from the slope of the K-L plots (inset graphs of Fig. 
8a-d). The oxygen reduction proceeds mainly via the four-electron pathway yielding water, but 
H2O2 is also formed with the two electron pathway in the case of Pt/NG_500°C and 
Pt/NG_600°C. Unlike in the case of acidic media, the two electron pathway got less significant 
with increasing synthesis temperature, and the Pt/NG_700°C composite maintained the four 
electron pathway only. 
The difference in electron transfer numbers in alkaline and acidic media can be explained by 
the pH-dependent surface coverage difference of the surfaces. There are different adsorbed 
species on the surface in case of acidic and alkaline electrolyte, which make different reaction 
pathways favorable at lower or higher pH. Moreover, oxygen reduction in alkaline electrolytes 
can also takes place even if the reactant is not adsorbed on the electrode surface, but solvated 
in the outer-Helmholtz plane. This solvated molecule draws an electron from the electrode via 
tunneling effect. The resulting radicals can effectively be adsorbed on the surface [70].  Our 
Tafel analysis results are in accordance with this picture, as the rate determining step in the high 
current density region is the first electron transfer in acidic media, while the adsorption of 
molecular oxygen in alkaline electrolyte [61, 62]. 
 
4 Conclusion 
We reported the first successful single-step chlorine-free synthesis of a nanocomposite oxygen 
reduction reaction catalyst consisting of Pt nanoparticles supported on N-doped graphene. The 
suggested new procedure is based on annealing the mixture of platinum acetylacetonate and 
graphene oxide under NH3 atmosphere at different temperatures between 500 and 700 °C. The 
synthesized catalyst combines three beneficial properties as (i) it excludes the possibility of 
chlorine contamination in the system, (ii) it yields platinum nanoparticles with a diameter close 
to the values considered to be ideal for the oxygen reduction reaction (2-3 nm), and (iii) it 
simultaneously dopes graphene sheets with approx. 5 wt% nitrogen in the form of pyridinic and 
pyrrolic type species. These moieties improve ORR electrocatalytic activity and bolster 
stronger interaction between the platinum nanoparticles and the support. The ORR activity of 
the Pt/NG samples was evaluated on a glassy carbon electrode in both acidic (0.1 M HClO4) 
and alkaline (0.1 M KOH) media, and their performance was found to be fully comparable to 
that of a reference platinum/carbon black (Pt/CB) catalyst. Based on the limiting current 
densities, onset potentials and electron transfer numbers from RDE measurements, the 
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composite annealed at 600 °C and 700 °C exhibited the highest ORR activity in acidic and 
alkaline medium, respectively. Increasing the annealing temperature appears to act as a pH-
sensitive quasi-switch between the two-electron and the four-electron pathways. Even though 
a credible explanation for this latter phenomenon is yet to be found, the overall performance of 
the new single-step catalyst family is very promising, especially considering the favorable 
speed, reproducibility and scalability of the suggested preparation procedure. 
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